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Abstract

towardsthe IP

This paper studies the impact of the insertion-region (IR) MeX1 MCx2 MCX3
magnet field errors on LHC collision performance. Com- Q2A @28 ot i
pensation schemes including magnet orientation optimiza- | | & L
tion, body-end compensation, tuning shims, and localnon-—— 8L @ 1@l | i
linear correction are shown to be highly effective. \/

1 INTRODUCTION BPM Lead end Lead end BPM Lead end

Performance of the Large Hadron Collider (LHC) at coligure 2: Schematic layout of the LHC inner triplet region.
lision depends on achieving the highest possible mag-

net field quality and alignmerdccuracy in the IR triplet . . '
quadrupoles (MQX) and dipoles (D1) during low-op- of the IR :nagnfts, tsyélsteman(t: Itrar_1rshvel;svv:j frrl]nge-flelld[3]
eration when beams cross at a design crossing ahgle Zig:zggsg ii?lﬁitr;’%fe 1054e(§:‘at1[1ae?n);gne$in?egra?sr{?g:gﬁﬁ hh
These superconducting magnets[1] will be mainly built Ir1at the reference radius of 17 mm.[4] The lead-end (LE) and

h A (BNL and FNAL, Fig. 1 i - . . .
the USA ( and , Fig. 1) and in Japan, and assemreturn-end (RE) harmonics are expressed in an integrated

bled in cryostats in the USA. Table 1 lists the major beal . . .
and machine parameters. A schematic layout is given?ﬁrm in unit-meters. Tables 2.and 3 list expected(5, 6] val-

Fig. 2. In Section 2, we evaluate the LHC dynamic apertur es of thedmfzané@é, éa”»t uncbertamty n mfete;]nd(l()bnd),
(DA) under nominal LHC collision conditions[2] based on, (ag_))’nzn r?da? tar e\gahmn( ”) U(af”t)g OFN,(Z\L% ylt
the expected construction and measurement errors of thegao-cnd, and retrn-enad narmonics ot the -built7]

magnets. In Section 3, we summarize the proposed Cor%gadrupoles MQX and BNL-built dipoles D1.
pensation schemes. 2 TRACKING RESULTS AT COLLISION

The impact of magnetic errors is assessed by the maximum
tune spread among particles with amplitudes of up to 6
times the transverse rms beam size,(§, and by the DA
from 6D tracking of either 10or 10° turns of particles of
initially up to 2.5 times rms momentum deviation (2,9

at 5 horizontal-to-vertical emittance ratios/c,. End ef-
fects are modelled as lumped kicks.[3] Table 4 shows the

Since the beam size varies significantly along the length

Table 2: Expected field errors of FNAL-built IR quadrupole
Figure 1: Magnet body cross section of FNAL-built MQX (MQX) at collision (version 1.1R,.; = 17 mm).
(left) and BNL-built D1 (right). n Normal Skew

. - {bn) d(bn) o(bn) (an) d(an) o(an)
Table 1: LHC IR Parameters at proton collision (7 TeV). “goqy [unif

Betatron tunes (H/V) 63.31/59.32 3 00 034 08 00 034 085
Synchrotron tune 0.00212 4 0.0 0.26 0.87 0.0 026 0.87
Chromaticity (H/V) 2/2 5 00 020 034 00 020 0.34
5*,1P1, 5,2, 8 (H/V)m| 0.5/0.5, 0.5/0.5, 15/10, 13/156 0.0 0.17 0.25 0.0 0.17 0.25
®/2,1P1,5,2,8 (H/V)ur]  0/150, 150/0, 0/-150, 0/-150 7 00 014 011 00 014 0.11
Parallel sept., IP2, Bnm| (H) 0.75, 0.75 8 0.0 0.10 o0.07 0.0 0.10 o0.07
Parasitic sept., IP1, 5, 2,[8,,] > 7.3,7.3,17,18 9 0.0 0.08 0.07 0.0 0.08 0.07
Quad gradientGGy| [T/m] 200 10 00 006 003 00 0.06 0.03
Coaili.d., MQX/D1,2[mm] 70/80 LE [unit-m] (Length=0.41 m)

Length, Q1,3/Q2A,B/D1,Pm| 6.3/5.5/9.45 2 0.0 0.0 0.0 16.0 0.0 0.0
Max. 8 [m] 4705 6 23 0.0 0.0 0.07 0.0 0.0
rms emittancesy [m-r] 3.75x10°° 10 -0.09 0.0 0.0 -0.03 0.0 0.0
rms momentum deve,, 1.1x10°* RE [unit-m] (Length=0.33 m)

Max. rms beam sizey,, [mm] 1.5 6 0.39 0.0 0.0 0.0 0.0 0.0

Max. orbit offset (H/V)[mm] +7.347.3 10 -0.07 0.0 00 0.0 0.0 0.0




16 = 16

Table 3: Expected field errors of BNL-built IR dipole (D1 @ ©

at IP2, 8) at collision (version 1.@&,.; = 17 mm). 3 e"”%“*{—\\ ,,,{
n Normal Skew %u I %T s

(bn) dlba)_olb) {an) dan) ola) £ || f 1 E

BOdy [u nlt] ; &——a without nonlinear IR correctors o——a without nonl\néar IR’coir?ectors
2 0.07 0.54 0.19 0.43 2.4 1.1 % ——x with correctors (Table 5, case 5) % ——x with correctors (Table 5, case 5)
3 -1.5 1.6 0.84 -0.12 0.27 0.10 %0 o0z 04 06 08 10 ‘00 o0z o4 o5 08 10
4 0.00 0.08 0.03 0.01 o0.34 0.13 ellere) ellere)
5 011 017 0.09 -0.01 0.04 0.01 Figure 4: 16-turn (a) (mear:-SD) and (b) minimum DA
7 011 002 0.01 -0.00 0.01 0.00 ins5transverse directions showing the impact of IR magnet
9 0.00 001 0.00 -0.00 0.00 0.00 errorsand the improvement with IR correctors.
LE [unit-m] (Length=0.73 m)

2 -0.32 15 0.67 -0.97 29 1.2 Linear decouplingis essential.[2] Crossing angté{0ur)
3 10.3 14 051 -46 047 0.8 accounts for aboutd., DA.[8] Comparing with 16-turn

5 -0.09 015 005 048 006 0.03 tracking, 10-turn tracking results in a further reduction in
RE [unit-m] (Length=0.73 m) DA of less than &..,,. Fig. 3a shows typicald&,, tune foot-

2 0.15 1.2 045 0.62 3.1 1.3 printsforAp/p = 0, £2.50,. Without compensation, the
3 2.8 12 054 0.13 0.48 0.16 impact of MQX magnet errors is exceedingly large.

3 IR COMPENSATION SCHEMES
Table 4: Effects of MQX and D1, D2 errors in terms ofgrror compensation is based on the minimization of action-

10°-turn 6D DA and 4D &, maximum tune spread. angle kicks[9] produced by each itipole errorb,, (or a,,)
Case DA .y) Min. DA Avp., (10-3) overa pair of inner triplets, i.e. minimizing the quantities
Fullerror (incl.az) 9.6+2.8 6., coupled / 4132 Boby, + (=) / A2 Boby, s =2y (1)
Fullerror,® =0 12.741.8 Y.y coupled[8] L R

Full error excl.as  10.7+1.7 &, 1.9t1.1 ta.kll’.lg advantgge of the negligible betatron phase advance
Systematiconly ~ 11:21.0 107, 26 within each triplet and D1, and approximate 18thase
Random only 13.61.7° 9,y 1.140.5 advance between the triplets. The integral is over the en-
LEand REonly  16.41.0¢ 130,, 0.7 tire Ieft-5|qe (L). or rlght-§|d¢ (R) MQX triplet and D1.
n=3,4only 217458 12,, 1.1+06 The quantityB; is the main field for dipoles an@'s R,

IR dipoles only physical ap. 0.240.01 for quadrupoles. Since two intersecting beams share these

magnets, the compensation is designed for both beams in
Both thex andy directions without considering the closed-
orbit deviation caused by the crossing angle.

3.1 Magnet Orientation Optimization

. . Ty?g. 5a shows typical tune spreads of about 0.002 pro-
and standard deviation (SD) of §, maximum tune spread duced by MQX endyg errors alone. This spread is reduced

obtained with 4D tracking, and #@urn DA. 10 sets of : o
random errors are studiedach Gaussian distributed and.by more than a factor of 2 (Figs. 5b and c) by optimiz

¢ ted at 3 i Systemati 4" the orientation of MQX lead ends (see Fig. 2), can-
runcated at > imes rms. Systemalic errors are assume c% ling bs effect between nearby focusing and defocusing
contain their full uncertainty((b,, a,,) with the signs cor-

. . . ._quadrupoles.[9] The lead end of D1 is oriented away from
rectly determined in accordance to the magnet orlentatloﬁ1e P t(F)) miniEni]ze the effect of lead-eng y

Each quadrupole is modeled with 8 thin bodggss and 2
end (LE, RE) pieces. Obviously, the effect of IR dipoles3.2 Body-End Compensation

is negligible due to the high¥* at IP2 and 8. The effect The impact of lead-end is further reduced (Fig. 5c) by
of both MQX systematic and random errors are significanidjusting the design value of bodly averaged across each

a) Here, MQX physical aperture of 60 mm corresponds t
15.8+1.3,,. Step size is &, for 10°; 0.5¢,, for 10° DA.
b) The working point is near 3rd-order integer.

effects of magnetic errors expressed in terms of the me
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Figure 3: Effects of IR magnet errors at collision and thé-igure 5: Effects of (a) MQX ends, (b) orientation opti-
improvement with IR correctors (case 5 of Table 5). mization, and (c) body-end compensation.

o 0.320




Table 5: Comparison of IR correction efficiency using-10 can be activated to minimize the kick (Eq. 1) in both the
turn 6D DA and 4D 6, maximum tune spread. Nonlinearz and y directions (hence for both beams due to lattice
corrections are activated in IP1 and 5 only. Also listed isymmetry). Assuming that magnetic errors are measured
the number of corrector layers per correction package. to a 10% rms accuracy, Table 5 compares various options

- — f correction strategy. It shows that with 3 packages per
Case DA6,,) Min.DA Avn., (103) layers O o ;
) ° ( ) y triplet each consisting of 4 layers of ftipole elements

1877112 g“’ ;9&13 (cases 4 and 5), we achieve a tune spread of less thah 10
125119 ggxy 19415 (Fig.3b), an average DA larger thand,2, and a minimum

DA larger than 16, (Fig. 4 and Table 5). Table 6 lists
the proposed correction strategy fmach mitipole candi-
date and the needed corrector strength (m&D, bipo-
lar). The IR correctors are designed for reducing the impact
of both D1 and MQX errors during low#= operations.

13.3t1.6 105, 1.040.7
13.6:15  1b,, 05+03
14.1+1.5 1., 0.5+04

case 0b1, ay, as

case 1: case 0 plus, as, b,

case 2: case 0 plus, bg, as 4 SOFTWARE BENCHMARKING

case 3 case 0 plus, b4, bs, as, as, as We obtained tune footprints and DA results using the
case 4: case 0 plds, by, bs, b, bs, as, as, as, as TEAPOT program[11]. The agreement on analysis and
case 5: case 0 plds, ba, bs, b, bio, as, as, as, as tracking results (Table 7) between TEAPOT and MAD

triplet according to the anipude-weighted expression[9] 1S sgtisfaclthry gAif"eh the rr?CtTg]Aalg(l\)Afs[i)' Sp"ttSEBlEIECh
bs(Body) = —0.10 Be(LE) — 0.23 Bs(RE) = —0.32[u] quadrupole into 4 gices while fis into 8. Fur-

o . i . ther benchmarking is under way using the Standard eX-
whereB;s is integrateds in [u-m]. This choice of bodys, change Format (SXF).[13]

same for all MQX magnets, is insensitive to lattice optics ] . .
changes as long &5 is small. Similarly, the desired body Table 7: Comparison of TEAPOT a.nd MAD tracklng (10
bs for the D1 dipole is (close to Table 3 value) and 5<10* turn, 4D, 5 transverse direction®,= 0) with

systematic errors in the MQX body only.
bs(Body) = —0.095 B3(LE) — 0.116 B3(RE) = —1.3[u] Y Q yony

abr~rwNPEO
AP OWODNDNPRE

Emit. ratio MAD TEAPOT
3.3 Magnetic Tuning Shims eof(ex+6,) (A0%) (5x10Y (10°) (5x10%)
After the construction and warm measurement of each 0.04 17 17.0 17 16.5
FNAL-built MQX magnet, 8 tuning shims with adjustable 0.25 17 17.0 18 17.0
iron thickness will be inserted into 8 slots (Fig. 1) to indi- 0.50 17 16.0 18 17.0
vidually minimize bodybs/as andbs/a4 errors. Table 2 0.75 16 15.0 16 14.0
includes the partial improvements expected.[10] 0.96 16 16.0 16 145
3.4 IR Correctors We thank N. Malitsky, R. Talman for TEAPOT assis-

Each triplet contains three corrector packages (MCxiance, A.Faus-Golfe, J. Gareyte, J.-P. Koutchouk, J. Miles
MCX2, MCX3), each consisting of as many as 4 Iayeréor numerous LHC lattice assistance and discussions, and
of correction elements. For each hipole, two correction Many others, including M. Harrison, A. Jain, J. Kerby, M.J.

elements located symmetrically at opposite sides of the {B2MM, R. Ostojic, S. Peggs, G. Sabbi, J. Strait, T. Taylor, P.
Wanderer, E. Willen, A.V. Zlobin. Work performed under

Table 6: Proposed IR triplet correction strategy. the auspices of the U.S. Department of Energy.

n  Normal Skew Corr. Strengtlu-m]®
(b,) (an) (b)) (@) 5 REFERENCES
1 MCX1l(or3) MCX3(orl) % —P [1] D1 atIP1 and 5 are normal-conducting magnets whose error
2 Trims MCX2 _b effects are not included in this study.
3 S, MCX1 S,MCX2 56845 13.0:10.5 [2] ThestudyusesLHC lattice version 5.1 excluding beam-beam
4 B,S,MCX3 S, MCX2 7.64.1 10.8-8.3 effects and magnet misalignments. Except for the first two
cases of Table 4, errors are not considered.
2 EAEXI\;II-CX1 II\\AACC::))((?; éiig g:gi [3] J. Wei, R. Talman, Part. Acceb5, 339 (1996).
8 B ' T D [4] European convention with = 1 for dipole. )
[5] LHC IR Design Mini-Workshop, FERMILAB 97/378 (1998).
10_ B, MCX3 _ _ O,'&O',S [6] A.Jain, et al, these proceedings; RHIC/AP/147 (1998).
B: coil cross-section iteration ' _ [7] Same errors are used for Japanese and FNAL built quads.
BE: cross-section iteration, magnet Orlentatlom V. Ptitsin, S. Tepikian, RHIC/AP/1521098).
body-end compensation [9] J.Wei, Part. Accel.55, 439 (1996); RHIC/AP/154 (1998).
S: using tuning shims [10] R.Bossert, et al, these proceedings.

MCX1 - 3: using corrector MCX1, MCX2, or MCX3 [11] L. Schachinger, R. Talman, Part. Acc2®, 35 (1987).
a) normalized to 10" of MQX strength at 17 mm radius. [12] H. Grote, F.C. Iselin, CERN/SL/90-13 (1990).
b) to be determined from magnet alignment errors.[2] ~ [13] F. Pilat etal, RHIC/AP/155 (1998).



